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Introduction
Many studies have shown that hardness is a very important property for ceramics used in armor applications (1) (2) (3) (4) (5) (6) (7) . In general, armor ceramics should be harder than the penetrator material. Sufficient hardness allows the ceramic to fracture, fragment, and/or deform the impacting projectile. Viechnicki et al. (1) measured V50 values in experiments where ceramic plates (TiB 2 , SiC, and Al 2 O 3 ) were impacted with 97 weight-percent tungsten long-rod penetrators. The authors compared ballistic performance with a variety of static mechanical properties and concluded that hardness is the only single property that may be used to help predict ballistic performance. Flinders et al. (2) performed ballistic tests on multiple SiC-based ceramic materials using WC-Co cored projectiles and found that depth of penetration (DOP) values correlated very well with Knoop hardness measurements. Krell and Strassburger (3) investigated the impact performance of ultrafine grain α-Al 2 O 3 in a DOP test configuration using a tungstenalloy penetrator material, and observed a linear relationship between ballistic mass efficiency and Vickers hardness. Although it has been well documented that a relation exists between hardness and the ballistic performance of advanced ceramics, the relationship is not understood well enough to be useful in guiding the development of new, improved armor materials.
Some studies have suggested that the ability of a ceramic material to deform inelastically (or its "quasi-plasticity") may also play an important role in its ballistic response (7, 8) . In ballistic applications, quasi-plasticity reduces the magnitude of local stresses and spreads the applied load over a larger volume of material. It may also suppress the formation of catastrophic macrocracks. The role of plastic deformation in the impact response of ceramics was first investigated over four decades ago by Wilkins et al. (9) . It was observed that in ballistic tests involving hard-steel-core small-arm projectiles, BeO's ability to deform plastically allowed it to resist failure for a longer time than other, more brittle materials. This led the authors to explore methods for introducing "ductility" into ceramics. Magnusson and Shen (10) state that "to really improve the protection performance, ceramic materials that allow some amount of inelastic deformation (plasticity) are desired." The authors proposed that the formation of nanograin microstructures may allow such improvements, and results of their study indeed revealed improvements in the ballistic performance of nanograin Si 3 N 4 relative to micrograin Si 3 N 4 .
Background
Quantifying Quasi-Plasticity in Ceramics
While methods of determining the hardness values of ceramic materials have been established and standardized for a number of years, there are no widely-accepted techniques for quantifying plasticity in these materials. In general, ceramics are brittle materials that are unable to accommodate significant macroscopic plastic strains. However, examination of indent sites and/or indentation stress-strain behavior in several ceramic materials has shown that they may experience inelastic deformation mechanisms, such as microcracking, microcleavage, slip, and twinning, at room temperature (7, (11) (12) (13) (14) (15) (16) (17) . This has led some researchers to propose the use of indentation techniques as a means of "quantifying" quasi-plastic deformation in these materials. Milman (18) developed a plasticity characteristic that is defined by the ratio of the plastic strain to the total elastoplastic strain experienced by a material during a hardness indentation event.
The characteristic has been applied to brittle ceramics as well as ductile metals. Lawn and others (19) (20) (21) (22) describe similar expressions that can be used as elasticity-plasticity parameters to classify ceramics and glasses. These expressions are also based on the deformations that occur in a material during an indentation cycle, and they compare the impression depth after unloading to the maximum depth achieved during the loading process. It should be noted that each of these elasticity-plasticity expressions greatly depends on the ratio of hardness to modulus (H/E). In fact, McColm (20) suggested the use of H/E as a "plasticity parameter" and has compared values of this ratio for various materials. A new hardness-based approach to quantifying bulk plasticity in ceramic materials, recently proposed by Wilantewicz and McCauley (23) , will now be discussed.
In standard Knoop or Vickers tests, the hardness of ceramics generally decreases with increasing indentation load or indentation size-a behavior known as the indentation size effect (ISE) (24) (25) (26) (27) . McCauley and Wilantewicz (28) propose the existence of three main regions in hardness-load curves for these materials (figure 1): (1) a "low-load" region where elastic deformation dominates, (2) an intermediate region that is dominated by plastic deformation, and (3) a "high-load" region where extensive permanent damage/fracture tends to occur. The authors further suggest that the exponent of a power law function, which is fit to a material's Knoop hardness-load curve, can be used to indicate the amount of inelastic deformation that the material may experience during impact. This exponent can be represented as the slope of a line if the power law equation is rewritten in log-log form. Specifically, focus is placed on the slope of the line between 2.94 and 19.6 N (0.3 and 2 kg); it is assumed that these are the approximate bounds for the intermediate region, where the behavior of the curve is controlled by the plasticity of the material. The hardness-load curve in this "predominantly plastic" region can be described by the following power law equation: (It should be noted that this expression is based on Meyer's law [29] ). The exponent of the power-law equation, c, is indicative of how fast the Knoop hardness changes with change in the indentation load. It has a negative value because the Knoop hardness of ceramics decreases with increasing indentation load. Slopes for different ceramics can be easily compared if the power law relationship (equation 1) is rewritten in linear form, by taking the log 10 of each side: 10 10 10 log HK = log k + c log F .
A plot of log 10 HK vs. log 10 F will create a straight line with a slope c. Materials that are more brittle (those that are less capable of accommodating plastic strains) will tend to have steeper slopes. The magnitude of the ISE in these materials will be greater than in those materials that may have a greater tendency for inelastic deformation. (It should be mentioned that strong correlation has been shown between the scale of the ISE in ceramics and the H/E ratio [30] .) It is therefore proposed that the absolute value of the reciprocal of the slope (c) is a semiquantitative measure of a ceramic material's bulk plasticity. Unlike previous approaches, where the amount of plasticity was determined at a single indentation load, this approach determines the plasticity from hardness measurements taken over a range of loads. During an impact event, materials with higher absolute, reciprocal c values will experience more quasi-plastic deformation.
Transition Velocity (TV)
Dwell is the phenomenon that occurs when a ceramic target is able to resist penetration by an impacting projectile, causing the projectile to flow radially outward along its surface. The "defeat" of a projectile in this manner, on the surface of the ceramic material, is called interface defeat. Hauver et al. (31) were the first to report on this phenomenon for long-rod projectiles.
Interface defeat occurs when the impact pressure created by the impacting projectile is insufficient for penetration of the target. As the velocity of the projectile is increased, however, the critical impact pressure may be exceeded, and penetration of the ceramic target may take place. In general, this critical impact pressure does not exist as one particular pressure but actually corresponds to a range of pressures within which penetration may or may not occur. This range may be the result of slight material property variations. These critical pressures correspond to critical impact velocities, or transition velocities (TVs),  as they represent the transition from dwell to penetration of the target.
Lundberg et al. (8) conducted experimental and theoretical investigations on TVs of various ceramic materials. The impact experiments were performed using the reverse impact technique, where confined ceramic cylinders were launched into stationary projectiles. Several ceramic target materials were investigated (including SiC and TiB 2 ). Sintered tungsten alloy and molybdenum were used for projectile materials. Figure 2 shows flash x-ray images from these reverse impact experiments. The image on the left corresponds to an impact below the TV, while the image on the right is representative of impact above the TV (32) . Based on compressive yield strengths (as estimated from hardness values) of the target materials, the authors developed models that were used to estimate lower and upper bounds for TVs (figure 3). The lower bound was based on the load distribution for a low-velocity water jet in combination with Boussinesq's elastic stress field solution for a point load on a semi-infinite elastic half space. The upper bound was estimated from a plastic slip-line solution for the indentation of a rigid punch. Lundberg's work suggests that compressive yield strength and quasi-plasticity are two factors that can significantly affect the impact resistance (TV) of a ceramic material.

The TV values discussed in this study correspond to the experimental setup used by Lundberg et al. (8) and Lundberg and Lundberg (33) in their reverse impact experiments with tungsten heavy alloy (WHA) projectiles. These values greatly depend on the test conditions (projectile material, target confinement, projectile/target geometry, etc.) and should not be considered as unique material properties for the ceramics investigated, as changes in test conditions will likely lead to changes in TV values. 
Transition Velocity Predictions by McCauley and Wilantewicz
McCauley and Wilantewicz (28) used the aforementioned approach (i.e., using absolute, reciprocal c value from the power law fit to Knoop hardness-load data) to estimate bulk plasticity values for various hot-pressed SiC materials manufactured by British Aerospace (BAE) Advanced Ceramics (formerly Cercom, currently CoorsTek). The plasticity of each ceramic was then combined with its hardness (at 1 N-this hardness value was obtained by extrapolating the power law fit to this load)
 to obtain a quantitative parameter that represents "hardness + plasticity." Comparing this parameter with experimental TVs obtained by Lundberg and Lundberg (33) A least-squares analysis of the data resulted in the following empirical relationship for determining TV of these ceramics:
The current investigation extends the original work of McCauley and Wilantewicz (28) and an investigation by Hilton et al. (34) to additional materials, and assesses the robustness of the predictive technique by incorporating multiple operators and hardness testing units.

Extrapolation of the power law equation was used to obtain the HK values at 1 N. The indents created at this load are small in these hard materials, making accurate measurement of the diagonal lengths difficult and highly dependent upon the resolution of the images (or optics) used. Even minimal differences in diagonal length measurements can lead to large differences in measured HK values when examining very small indents.
Materials and Testing Procedures
Knoop indentation tests were performed at loads of 2.94, 4.9, 9.8, and 19.6 N on a variety of ceramics that are of interest for protection technologies. These included commonly used, opaque armor materials, such as Al 2 O 3 , B 4 C, and SiC, as well as transparent armor materials Spinel and AlON, among others. In addition, two glasses (SLS Starfire and BS Borofloat) were investigated. Tests were performed by four operators (with varying levels of experience) using three different hardness testing units. Involving multiple operators and multiple hardness testing units allowed an assessment of the robustness of this hardness-based approach. As the test standard for Knoop indentation of advanced ceramics (35) states, the long slender tip of Knoop indents can be "difficult to discern, especially in materials with low contrast." Lighting intensity and field setting can also affect the apparent locations of the indent tips. Therefore, agreement in hardness results depends upon consistent, careful measurements by the operator, as well as the repeatability of the hardness tester. Each set of hardness-load data was fit to a power law equation (equation 1) to determine the exponent "c" and estimate the bulk plasticity value (Abs. [1/c]). The Knoop hardness at 1 N, "HK (1N)," was also determined from the power law fit. The plasticity value and the HK (1N) value were then combined and used in the "Refined" empirical equation (shown in figure 4 and discussed in section 4) to predict a TV for each material. Comparisons between predicted TV values and measured TV values were made for those materials that have been tested experimentally.
Results and Discussion
Typical hardness-load curves for four of the materials investigated in the current study are shown in figure 5 . As previously mentioned, HK values were obtained at four indentation loads for each material. The R 2 (the square of the correlation coefficient for the power-law fit) values indicate that the power-law equation tends to fit the hardness-load data very well, as all values are above 0.96. 
Refinement and Applicability of the Approach
This new equation also appears to predict the behavior of the SiC materials well, while it is less accurate with AlON. This may indicate that the current predictive equation is applicable to most fully dense, hard SiC materials. The differences between predicted and measured TVs for AlON may be a result of the coarse-grained (200+ μm) microstructure of the material. In AlON, it is likely that entire indentations fall within a single grain at the lower loads compared to fine-grained SiC materials, where many grains are indented. Table 1 shows a summary of the results obtained in (34) for those materials for which the TV has been measured experimentally. Various SiC materials are included along with ALON. As previously stated, the hardness tests were performed by four operators 
Bulk Plasticity Calculations/TV Predictions
HK(1N)
The uncertainty values shown in table 1 for the predicted TVs were determined using the method developed by Portune and Hilton (36) . This method applies Bayesian hypothesis testing to probability distributions for hardness values at each applied load to define a joint likelihood function for Meyer's Law parameters k and c. The McCauley-Wilantewicz method is applied to this function to create likelihood functions for the plasticity parameter and the TV. In previous studies, this distribution was typically asymmetric and unimodal (37) . The uncertainty values in the "Predicted TV" column in table 1 represent the region surrounding the peak maximum that corresponds to 67% of the total probability for the TV likelihood function. That percentage was chosen to correspond most closely to a single standard deviation in a Gaussian distribution. In most cases, the uncertainty was within 5% of the expected value for both the plasticity parameter and the estimated TV.
The "% Diff" column in table 1 shows the percentage difference between the TV values predicted by equation 4 and those measured in reverse-impact experiments. Excellent agreement between the two quantities is generally observed, especially for the SiC materials, for which the difference between the predicted and measured TVs is less than 5% in most instances. As previously suggested, the larger differences observed between the predicted and the measured TVs for AlON may be a result of the ceramic's coarse microstructure. Table 1 also illustrates the robustness of the technique. While the predicted and measured TVs are in excellent agreement for all operators and hardness testers, the values of the plasticity parameter for a given ceramic vary from operator to operator. For AlON, even the same operator can obtain different values. These differences in plasticity, however, are offset by the extrapolated HK (1N) values. This demonstrates that differences in operator experience with hardness testing, and/or between hardness testing units, do not significantly affect the technique's potential for accurate TV predictions. This figure illustrates the current technique's potential for distinguishing between variations of a particular type of ceramic and further demonstrates the robustness of the technique. For those materials tested by at least two operators (shown by at least two bars), similar TV predictions were obtained. The fact that the predictions do not show a strong dependence on the operator adds credibility to conclusions regarding trends in observed behaviors. For instance, it may be anticipated that the SA-999-1 material may perform relatively well as an armor ceramic, while less may be expected from the AD-85-S1 or AD-94-A2 materials. In addition, it should be noted that, in most cases, similar uncertainties in predicted TV (represented by error bars in the figure) are observed for each of the Al 2 O 3 materials. These uncertainties likely reflect the microstructural heterogeneity that exists in these ceramics. Accordingly, one may expect the microstructure of sample AD-96-IWB, for example, to be less variable than sample AD-90-S2. It should be mentioned that some of the R 2 values observed in the current study are relatively low, reflecting poor agreement between the HK-load data and the power law fit. More confidence should be placed in those TV predictions that are associated with R Predicted TV values for additional materials are shown in table 3 and plotted in figure 7 . Although multiple operators, hardness testing units, and material variations are represented within each material class, some general trends are evident. Cubic BN is predicted to have the best impact resistance, with TVs of 2574 and 1892 m/s, while the lowest TV values (as low as 1026 m/s) are observed in the glass materials (although the predicted TVs for glasses depend on the particular type of glass). Significant disparity exists between the two operators in predicted velocities for the Cubic BN materials. Therefore, further testing should be carried out on this material in order to gain confidence in TV predictions. Si 3 N 4 and Spinel are predicted to perform slightly better than the inferior, Starfire glasses. Velocities near 1400 m/s are predicted for the B 4 C/SiC composites-similar to the velocities predicted for the Al 2 O 3 ceramics produced by BAE and Ceradyne, and the CeraLumina material produced by Ceranova. B 4 C (and boron-rich boron carbide [38] ), SiC, and WC are all predicted to perform relatively well. In general, the calculated TVs for these ceramics are above 1500 m/s, with WC predicted to surpass 1850 m/s in some cases. The uncertainty estimates in the predicted TVs are largest in the glass materials. While standard deviations in the ceramic materials were less than 80 m/s in the large majority of materials, the standard deviations in the predicted TVs for the glasses were above 100 m/s in two of the four data sets. Furthermore, in the remaining two glass data sets, uncertainty values could not be determined.

The applicability of this approach to glass materials may therefore be questionable.
Further reverse impact testing is required to validate the predicted TVs for the materials in tables 2 and 3. As previously mentioned, the current approach seems to work well for dense, hard, SiC materials. However, caution must be exercised when examining predictions for other materials. As previously discussed, the applicability of the method to AlON and glass may be questionable. It is possible, however, that slight modifications to the approach may extend its applicability to other classes of ceramics. For example, the constants of the predictive equation (equation 4) may change according to the specific class of ceramic under investigation. One pair of constants may work well for SiC materials, while another pair may provide accurate predictions for Al 2 O 3 materials. Additionally, it may be useful to gain an understanding of the influence that variables such as grain size, grain boundary phases, fracture toughness, and tensile strength may have on the efficacy of the approach. Consideration of these variables may allow for further refinement of the method and extend its applicability to a wider range of ceramic materials.
Uncertainties in the predicted TVs could not be determined for a few of the materials contained in table 3. This was due to an atypical degree of asymmetry in the associated TV likelihood functions.
Conclusions
The results of the current study further validate the approach described in McCauley and Wilantewicz (28) and support the importance of hardness and plasticity in the impact performance of ceramic materials. More specifically, the potential of these two factors for predicting transition velocities of ceramics has been demonstrated. Generally speaking, the TV values predicted by the approach are remarkably accurate. In most cases, the TVs measured in Lundberg's experiments can be predicted to within 5% for the SiC materials. Less accurate predictions were obtained for AlON-likely a result of the large grains (200+ μm) in this material. Future investigations will focus on the effects of variables such as grain size, grain boundary phases, and fracture toughness on the accuracy of predictions. This may allow further refinement of the approach and thereby extend its applicability to a wider range of materials. The current study demonstrates the robustness of the technique through its application to a variety of armor ceramics (Al 2 O 3 , SiC, Spinel, etc.). Although results of hardness tests can depend on many factors (operator experience, testing unit, etc.), similar TV predictions (and similar uncertainties) were obtained by multiple operators using multiple hardness testing units. This is a desirable characteristic, as it shows that this method can be confidently utilized without significant regard to the experience of the operator or the capabilities of the hardness tester.
The plasticity index/predictive technique described here is a simple method that could be extremely useful as a screening tool for prospective ceramic armor materials by allowing researchers to quickly identify and rank them. This could significantly benefit experimentalists conducting system-level impact tests by allowing them to test only the most promising ceramics, thereby avoiding the time and expense associated with investigating materials that show less potential. Further refinement and validation of the predictive technique discussed here could lead to its use as an aid in guiding the development of new, superior armor ceramics. 
